INTRODUCTION {#S1}
============

The "seed and soil" theory of metastasis proposes that the fate of disseminated tumour cells (DTCs) is dependent on the microenvironment where they lodge^[@R1]^. This supports the organ-specific preference for metastasis in certain cancers. However, their timing is largely unpredictable because residual DTCs may be dormant for long periods^[@R2],[@R3]^. Solitary bone marrow (BM) DTCs that are mostly negative for proliferation markers have been catalogued as in a cellular dormancy state functionally defined by quiescence^[@R2]^. Intriguingly, in many malignancies, while 30--40% of patients have BM DTCs, these rarely develop bone metastases (HNSCC, gastric cancer) or develop very late (breast cancer)^[@R4],[@R5]^. A similar scenario for seed and soil mechanisms can be studied in mouse tumour models. While spontaneous metastases vigorously develop lungs and lymph nodes and, less frequently in liver^[@R6]^, DTCs can be found in the BM and other sites in a non-productive state, at least in the same time frame^[@R2],[@R7]^. Importantly, even in syngeneic models spontaneous overt bone lesions rarely develop, unless the microenvironment is altered^[@R7]^. This suggests that specific micro-environmental signals could keep DTCs dormant^[@R5]^.

We reported a "dormancy gene signature" regulated by p38α/β kinase signalling in quiescent HNSCC cells^[@R8]^. Estrogen receptor (ER) positive luminal breast cancer tumours that were enriched for the dormancy signature displayed longer metastasis-free periods, suggesting that these dormancy genes in DTCs may affect metastasis timing^[@R9]^. Some of these genes (e.g. NR2F1^[@R10]^, DEC2/SHARP1^[@R11]^, FOXM1^[@R12]^) regulate pluripotency, predict for delayed recurrence in breast and prostate cancer^[@R11]^, and suppress the malignant behaviour^[@R8],\ [@R11]^. Another signature gene, TGFβ2, was the most upregulated TGFβ-family cytokine in quiescent HNSCC cells *in vivo*. TGFβ2 can activate p38^[@R13]^, induce quiescence and both these genes limit self-renewal^[@R10],[@R14]^. Thus, we hypothesized that TGFβ2^high^ microenvironments might drive DTC dormancy. Here we reveal a previously unrecognized "seed and soil" mechanism where TGFβ2 signalling through p38α/β regulates DTC dormancy and defines restrictive (BM) and -permissive (lung) microenvironments for HNSCC metastasis.

RESULTS {#S2}
=======

The Bone Marrow Microenvironment Induces DTC Dormancy {#S3}
-----------------------------------------------------

HEp3-GFP cells obtained from xenografts were injected subcutaneously (s.c.) in nude mice and when primary tumours reached \~500 mm^3^ (t0) they were surgically removed. Then, HEp3 spontaneous DTCs were followed using GFP fluorescence and by human *Alu* sequence-specific qPCR^[@R15]^ to identify DTCs undetectable via GFP, or CK8/18 staining. This revealed a DTC prevalence of \~80% in lungs, \~28% in the BM and \~5% in liver and spleen at the time of dissection ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Table S1](#SD14){ref-type="supplementary-material"}, [Fig S1a--d](#SD8){ref-type="supplementary-material"}). GFP+ cells imaged in fresh tissues *in situ*, were intact viable cells as determined by confocal imaging of DTCs *in situ* ([Fig. 1a](#F1){ref-type="fig"}). In the BM the number of DTCs (GFP+) ranged from 10--10^2^/BM, was \>2 logs lower than in lungs ([Fig. 1a, b](#F1){ref-type="fig"}, [Supplementary Fig. S1a, c, d](#SD8){ref-type="supplementary-material"}) and remained constant for at least 4 weeks after primary tumour surgery ([Fig. 1b](#F1){ref-type="fig"}). In contrast, lung DTCs that were already present in the lung as single solitary cells at the time of surgery ([Supplementary Fig. S1e](#SD8){ref-type="supplementary-material"}), initiated vigorous proliferation 2 weeks after surgery ([Fig. 1b](#F1){ref-type="fig"}).

In 100% of the cases we could expand *in vitro* HEp3 GFP-tagged DTCs (Puro-resistant) isolated from lungs (Lu-HEp3) and this was independent of the initial number of recovered lung DTCs ([Supplementary Table S2](#SD2){ref-type="supplementary-material"}). In stark contrast, in the \~28% of mice that had BM DTCs, while all these DTCs (BM-HEp3) survived plating, only 2/15 (13.3%) expanded in culture. The lack of proliferative capacity was persistent as evidenced by 86.6% of all BM DTC isolates resulting in GFP+ puromycin resistant solitary growth-arrested HEp3 DTCs for \> 4 weeks in culture ([Supplementary Table S2](#SD2){ref-type="supplementary-material"}).

That \~86% of BM DTCs ([Supplementary Table S2](#SD2){ref-type="supplementary-material"}) are viable but non-proliferative in culture led us to hypothesize that the BM microenvironment may instruct DTCs to activate long-lasting dormancy programs. We could only study mechanistically those BM DTCs that expanded *in vitro* and focused on BM vs. lung derived DTCs because of their most divergent *in vivo* behaviour and clinical relevance^[@R16]^ ([Fig. 1a](#F1){ref-type="fig"}). We defined dormant DTCs as non-proliferating or slow-cycling cells, negative/low for proliferation markers (i.e. phospho-H3 (P-H3)) and positive/high for CDK inhibitor expression (i.e. p21, *p27^Cip^*). Two lung (Lu-HEp3), two BM (BM-HEp3) and two primary tumour (PT-HEp3) derived cell lines, were screened for tumorigenicity in the chorioallantoic membrane (CAM) system^[@R17]--[@R19]^ or in nude mice^[@R8]^. In all cases Lu-HEp3 and PT-HEp3 cells were tumorigenic and were P-H3^high^/p27^low^ ([Fig. 1c, 1d](#F1){ref-type="fig"}, [Supplementary Fig. S1f](#SD8){ref-type="supplementary-material"}). In contrast, one BM-HEp3 cell line remained dormant for 4--5 weeks before growing vigorously (henceforth BM-[D1]{.ul}) ([Fig. 1e](#F1){ref-type="fig"}, [Supplementary Fig. S1g](#SD8){ref-type="supplementary-material"}); dormant BM-D1 cells were P-H3^low^/p27^High^ ([Fig. 1d](#F1){ref-type="fig"}, [Supplementary Fig. S1f](#SD8){ref-type="supplementary-material"}), confirming their quiescent phenotype. Another BM derived DTC line (BM-T1) that did not proliferate in situ, fully reversed to a proliferative behaviour in culture and *in vivo* ([Fig. 1c](#F1){ref-type="fig"}). In the nude mouse s.c., BM-D1 cells also formed tumours later than BM-T1 cells ([Supplementary Fig. S1h](#SD8){ref-type="supplementary-material"}). This data suggest that while \~85% of DTCs from murine BM will remain dormant and non-proliferative in culture half of those BM-DTCs that do expand in culture can retain a dormant phenotype when re-injected *in vivo* ([Fig 1c--e](#F1){ref-type="fig"}).

We also obtained BM-DTCs cell lines from the chicken and turkey embryos BM because we could process larger numbers of animals and increase our chances of obtaining BM DTC lines ([Supplementary Fig. S1i](#SD8){ref-type="supplementary-material"}). DTCs were non-proliferative in avian BM but did proliferate in the liver and lungs where metastases develop^[@R20]^ ([Supplementary Fig. S1j](#SD8){ref-type="supplementary-material"}). As in mice, the number of DTC in the BM was 2 logs lower than in the liver and lungs ([Supplementary Fig. S1j](#SD8){ref-type="supplementary-material"}). Importantly, 7/9 (77%) BM-DTC cell lines remained dormant *in vivo* ([Fig. 1f](#F1){ref-type="fig"}- and [Supplementary Fig S1k](#SD8){ref-type="supplementary-material"}). We conclude that while 100% of lung derived DTC lines were tumorigenic, 13/15 (86.6%) of the BM-isolated DTCs were non-proliferative *in vitro* (up to 4--8- weeks) and 1/15 (\~7%) was dormant *in vivo* after 5--6 weeks. Together, 14/15 (\~93.3%) BM-derived DTCs from mice and 77% of BM-derived DTC lines in the avian system are dormant *in vitro* and/or *in vivo*. Thus, dormancy is the predominant phenotype of murine or avian BM-isolated human HNSCC DTCs.

Signalling Pathways Activated in Bone Marrow Dormant DTCS {#S4}
---------------------------------------------------------

We next measured previously identified key regulators of dormancy^[@R8],[@R21]^. Proliferative Lu-HEp3 and BM-T1 cells from the murine system and BM-T2 and BM-T3 cells from the avian system displayed a high ERK/p38 ratio, consistent with their tumorigenicity. In contrast, the dormant BM-D1 and BM-D2, D3, and D4 cells from murine and avian BM, respectively, displayed persistently low ERK/p38 activity ratio ([Fig. 2a, 2b](#F2){ref-type="fig"}); BM-D5 was the only avian BM DTC line in which the ERK/p38 activity ratio (high) was not predictive of dormancy ([Fig. 2b](#F2){ref-type="fig"}). The ERK/p38 ratio correlated also with the metastatic (4T1 and F3II^[@R22]^ - \[ERK/p38\]^high^) or dormant (4T07- \[ERK/p38\]^low^) behaviour of mouse breast cancer cell lines in lungs^[@R23]^ ([Fig. S2a](#SD9){ref-type="supplementary-material"}). Thus, a high ERK/p38 signalling ratio, (see [Methods](#SD1){ref-type="supplementary-material"} for quantification) is predictive of tumorigenic and dormant phenotype in 100% (n=9) and 90% (n=9) of the DTC lines, respectively ([Fig. 2c](#F2){ref-type="fig"}). BM-D1 cells also up-regulated p53 (mRNA and protein) and DEC2 mRNA, two genes previously linked to dormancy and quiescence^[@R8]^, when compared to the proliferative variants (Lu-HEp3 and BM-T1) cells. The p53 transcript was almost undetectable in 4T1, 4T07 and F3II cell lines, but DEC2 was vigorously upregulated in 4T07 vs. F3II and 4T1 metastatic cells ([Fig. 2d](#F2){ref-type="fig"}, [Supplementary Fig. S2b, c](#SD9){ref-type="supplementary-material"}).

Knockdown of p38α, DEC2 or p53 interrupted the dormancy of BM-D1 cells ([Fig. 2e](#F2){ref-type="fig"}, [Supplementary Fig S2d](#SD9){ref-type="supplementary-material"}) and sustained knockdown of DEC2 for two weeks allowed BM-D1 cells to completely regain tumorigenicity *in vivo*. This correlated with upregulation of CDK4 and inhibition of p27 ([Fig 2f](#F2){ref-type="fig"}). Accordingly, overexpression of a constitutively active p38α (p38α-CA) mutant or wt-DEC2 cDNAs in proliferative Lu-HEp3 cells reduced P-H3 levels, did not affect apoptosis and inhibited their *in vivo* proliferation ([Fig. 2f](#F2){ref-type="fig"}, [Supplementary Fig. S2e, S2f](#SD9){ref-type="supplementary-material"}); DEC2 overexpression in T-HEp3 cells also induced p27 and p21 expression while inhibiting CDK4 expression ([Fig 2g](#F2){ref-type="fig"}). Analysis of human HNSCC primary and metastatic lesions showed that compared to normal oral epithelium, and stromal cells, in 4/4 patients, DEC2 protein was strongly downregulated in the primary tumours and also in the matched lymph node metastasis ([Supplementary Fig. S2g](#SD9){ref-type="supplementary-material"}). These results suggest that primary tumour and metastatic growth is associated with downregulation of DEC2 as a possible dormancy escape mechanism.

Systemic p38α/β inhibition fuels Occult DTC Expansion {#S5}
-----------------------------------------------------

Next we used the small molecule inhibitor SB203580 that faithfully phenocopies the genetic inhibition of at least p38α^[@R8],[@R19],[@R21],[@R24]^ to systemically inhibit p38α/β activity and test DTC fate after primary tumour surgery. We defined liver, spleen and BM as metastasis restrictive sites in nude mice because DTCs are detectable ([Supplementary table S1](#SD14){ref-type="supplementary-material"}) but never grow. Direct analysis of BM DTCs using cytokeratin 8/18 (CK) staining^[@R7]^, showed that 80% were p27^high^, only 1% were P-H3+ ([Fig. 3a](#F3){ref-type="fig"}) supporting their dormant phenotype. Importantly, we found that after 4 weeks, SB203580 treatment significantly increased the prevalence and number of DTCs in the BM as detected by GFP imaging, *Alu* sequence specific qPCR or quantification of CK8/18 positive DTCs ([Supplementary table S3](#SD3){ref-type="supplementary-material"}, [Fig. 3b](#F3){ref-type="fig"}). While the three different detection methods have limitations they all collectively support that p38α/β inhibition after surgery can increase the DTC burden in the BM. Similar results were observed in the liver and spleen where p38α/β inhibition for 4 weeks doubled the prevalence of DTCs, micro- and macro-metastasis in these organs ([Supplementary table S3](#SD3){ref-type="supplementary-material"}, [Fig . 3c, 3d](#F3){ref-type="fig"}).

In the chick embryo system of metastasis^[@R25]^ the liver and lung are permissive sites for metastasis^[@R20],[@R26]^; liver DTCs (\>10^5^ cells/organ) are P-H3^high^/p27^low^ and proliferate actively ([Supplementary Fig. S3a](#SD10){ref-type="supplementary-material"}). The avian BM is also restrictive as DTCs (10^1^--10^2^ cells/BM) were also negative for P-H3 and positive for p27 ([Supplementary Fig. S3a](#SD10){ref-type="supplementary-material"}). After matching the primary tumours sizes ([Supplementary Fig. S3b](#SD10){ref-type="supplementary-material"}) we found that knockdown of p38α in T-HEp3 cells (siRNA knockdown can last for 5 days), increased the amount of DTCs in avian BM 5 days after inoculation ([Fig 3e](#F3){ref-type="fig"}, [Supplementary Fig. S3c](#SD10){ref-type="supplementary-material"}). This increase correlated with a decrease in the percent of p27^high^ DTCs, suggesting an exit from quiescence ([Fig 3f](#F3){ref-type="fig"}). In the embryo liver (permissive site) p38α knockdown had no effect, possibly because DTCs grow immediately in this site ([Supplementary Fig. S3d](#SD10){ref-type="supplementary-material"}).

Solitary HEp3 lung DTCs identified by detecting human Vimentin (abundantly expressed in these cells - [Supplementary Fig. S3e](#SD10){ref-type="supplementary-material"}), were mostly negative for P-H3 and C-C3+, supporting that initially solitary lung DTCs are viable quiescent or slow-cycling tumour cells ([Fig 4a, b](#F4){ref-type="fig"}). At 4 weeks, when macro-metastases are detectable and HEp3-GFP cell numbers raised in lungs, these lesions were P-H3^high^ and C-casp3^low^ ([Fig 4a--c](#F4){ref-type="fig"}). Importantly, the p38α/β inhibitor treatment significantly increased HEp3-GFP HNSCC and F3II breast cancer metastatic cell burden after 2 and 4 weeks treatment ([Fig. 4c, d](#F4){ref-type="fig"}). We conclude that p38α/β signalling limits the expansion of DTCs in growth-restrictive sites like mouse and chick embryo BM and in mouse liver and spleen. This effect is also observed on the short-term dormancy that solitary DTCs undergo in the lung in mice and the effect of p38α/β inhibition even on this short-term dormancy phase has a dramatic impact on disease burden in this tissue.

TGFβ2 Signalling in the BM Induces Dormancy Hallmarks {#S6}
-----------------------------------------------------

Expression profiling of proliferating (T-HEp3 \[ERK/p38^high^\]) and dormant D-HEp3 (\[ERK/p38^low^\]) cells *in vivo* revealed that TGFβ2 mRNA (not TGFβ1 or TGFβ3) is highly elevated only in dormant cells ([Supplementary Fig. S4a](#SD11){ref-type="supplementary-material"}). TGFβ2, which is present in the BM^[@R27]^ activated p38, induced DEC2 and TGFβR-I-dependent quiescence in D-HEp3 cells ([Supplementary Fig. S4b--d](#SD11){ref-type="supplementary-material"}). In addition, dormant BM-D1 cells express \>5-fold higher levels of TGFβ2 than parental T-HEp3 cells (T) and Lu-HEp3 cells ([Fig. 5a](#F5){ref-type="fig"}). Importantly, we also found that TGFβ2 mRNA was greatly enriched in naÔve BM over lung tissue ([Fig 5b](#F5){ref-type="fig"}) and that in basal conditions (serum free media) T-HEp3 cells express marginal TGFβ2 mRNA ([Fig. 5a, c](#F5){ref-type="fig"}). Upon treatment of T-HEp3 cells with lung CM, TGFβ2 mRNA is increased. However, treatment with BM CM vigorously upregulated TGFβ2 expression (\>10 fold - [Fig. 5c](#F5){ref-type="fig"}), inhibited T-HEp3 tumour growth *in vivo* and this was positively correlated with upregulation of p27 and downregulation of P-H3 levels *in vivo* ([Fig. 5d, e](#F5){ref-type="fig"}). In addition, the BM, but not lung CM, induced p38 phosphorylation and DEC2 and p53 mRNA expression in T-HEp3 and 4T1 cells ([Fig. 5f, g](#F5){ref-type="fig"} and [Supplementary Fig. S4e](#SD11){ref-type="supplementary-material"}). Lung CM enhanced phospho-ERK1/2 levels ([Fig 5f](#F5){ref-type="fig"}) and none of the organ-CM induced apoptosis ([Supplementary Fig S4f](#SD11){ref-type="supplementary-material"}). Importantly, TGFβ2-depleted BM CM was incapable of inducing p38 activation and growth inhibition of T-HEp3 cells *in vivo* ([Fig. 5f, 5h](#F5){ref-type="fig"}) while lung CM supplemented with TGFβ2 inhibited T-HEp3 tumour growth *in vivo* ([Fig. 5h](#F5){ref-type="fig"}). TGFβ2 depletion from BM CM did not restore ERK1/2 phosphorylation (see discussion) ([Fig. 5f](#F5){ref-type="fig"}) and significantly, depletion of TGFβ1 from the BM CM, did not affect its ability to activate p38 or inhibit tumour growth ([Supplementary Fig. S4g](#SD11){ref-type="supplementary-material"}). In fact, treatment with TGFβ1, rapidly switched of dormant D-HEp3 and BM-D1 cells from dormancy to rapid tumour growth *in vivo* while not affecting at all T-HEp3 tumorigenicity ([Fig 5i](#F5){ref-type="fig"}). These data suggests that TGFβ2 but not TGFβ1 is a candidate mediator of p38 activation, DEC2 expression and dormancy in the BM.

We also found that the high basal p38 phosphorylation in BM-D1 cells was not stimulated by TGFβ2 treatment but was inhibited by LY-364947 suggesting maximally activated TGFβ-receptor signalling in these cells ([Fig. 6a](#F6){ref-type="fig"}). TGFβ2 upregulated P-p38 and p21 levels in PT-HEp3, BM-T1 and T-HEp3 cells ([Fig. 6a, b](#F6){ref-type="fig"}). Further, TGFβ2 induced DEC2 and/or p53 (not in the mouse lines) mRNAs in human HNSCC and mouse breast cancer metastatic cells while LY364947 treatment reduced their expression in BM-D1 and D-HEp3 cells ([Fig. 6c, 6d](#F6){ref-type="fig"}, [Supplementary Fig. S4c](#SD11){ref-type="supplementary-material"}, [S5a](#SD12){ref-type="supplementary-material"}). Further, knockdown of TGFβ2 or the TGFβRI inhibitor interrupted the dormancy of BM-D1 cells ([Fig. 6e](#F6){ref-type="fig"}, 6f, [Supplementary Fig S5b](#SD12){ref-type="supplementary-material"}). TGFβ2 also inhibited 4T1 tumour sphere formation ([Supplementary Fig S5c](#SD12){ref-type="supplementary-material"}), a measure of self-renewal that was linked to their metastatic capacity^[@R28]^. Similarly, treatment of the dormant 4T07 cells^[@R28]^ with LY364947 or SB203580 enhanced tumour sphere formation or proliferation per tumour sphere ([Supplementary Fig S5d, e](#SD12){ref-type="supplementary-material"}). We conclude that dormancy of D-HEp3 and BM-D1 cells is dependent on TGFβ2, p38α/β, DEC2 and p53, which in turn induce p21, p27 and growth arrest. TGFβ2, TGFβRI and p38 signalling also appear to regulate self-renewal properties of breast cancer 4T07 cells that spontaneously enter solitary dormancy in lungs^[@R28]^.

TGFβ-receptor-III regulates TGFβ2 signalling for dormancy {#S7}
---------------------------------------------------------

In analyzing the mechanism by which TGFβ1 and TGFβ2 signalling differs we found that at short time points (10 -- 30 minutes) both TGFβ1 and TGFβ2 equally activate SMAD1/2/3/5 phosphorylation with no effect on SMAD4/6 total protein levels ([Fig. 7a](#F7){ref-type="fig"}); at 2 hrs, TGFβ1 and TGFβ2 also showed a similar response, but now total SMAD3/4/6 were upregulated. However, we found that only TGFβ2 treatment induced a sustained phosphorylation of SMAD1/5, SMAD2 and to some extent SMAD3 at longer times (24h - [Figure 7b](#F7){ref-type="fig"}). In addition, TGFβ2 but not TGFβ1 activated p38α, induced p27 and DEC2 expression and downregulated CDK4 at 24 hrs ([Figure 7b--d](#F7){ref-type="fig"}). TGFβ2-induced SMAD2 phosphorylation and p27 upregulation was also inhibited by SB203580 ([Figure 7e](#F7){ref-type="fig"}).

TGFβ2 requires the type III TGFβ receptor for signalling, while this receptor is dispensable for TGFβ1 signalling^[@R29],[@R30]^. T-HEp3 cells express all three TGFβ-receptors *in vivo* ([Supplementary Fig S5b](#SD12){ref-type="supplementary-material"}) and RNAi to TGFβRIII had no significant effect on basal growth of these cells, but it completely eliminated the capacity of TGFβ2 to inhibit growth *in vivo* ([Figure 7f](#F7){ref-type="fig"}, [Supplementary Fig. S5c](#SD12){ref-type="supplementary-material"}). This correlated with the inability of TGFβ2 to induce long-term SMAD1/5 phosphorylation and p27 induction in TGFβRIII^low^ cells ([Figure 7g](#F7){ref-type="fig"}). TGFβRIII was not required for SMAD2 or p38 activation by TGFβ2 ([Supplementary Fig. S5d](#SD12){ref-type="supplementary-material"}). TGFβ1 did not stimulate T-HEp3 *in vivo* growth and TGFβRIII downregulation did not affect this lack of effect by TGFβ1 on these cells ([F5i](#F5){ref-type="fig"}, 7h). We propose that TGFβRIII is required for the growth inhibitory function that TGFβ2 exerts on malignant HEp3 cells.

TGFβRI inhibition favours DTC escape from dormancy {#S8}
--------------------------------------------------

While we found that TGFβ2 may prevents DTC expansion by inducing dormancy, TGFβ1 signalling can promote metastasis^[@R31]^. To determine how the apparently competing functions of TGFβ1 and TGFβ2 signalling affect DTC behaviour, we systemically inhibited TGFβ Receptor-I using LY-364947 and monitored DTC fate as in [Fig3](#F3){ref-type="fig"}. Treatment with LY-364947 after primary tumour surgery approximately doubled the prevalence of spleen and liver DTCs ([Figure 8a](#F8){ref-type="fig"}) and increased BM DTCs by \~5.6 fold ([Fig. 8b](#F8){ref-type="fig"}). We also found that compared to control animals, treatment with LY-364947 increased the prevalence and the total metastatic burden in lungs by \~3-fold ([Fig. 8c](#F8){ref-type="fig"}). These data support that in restrictive and permissive sites dormancy is a default state for DTCs and that signalling via TGFβRI (and possibly TGFβ2-TGFβRIII) might be at least in part responsible for the lack of DTC growth that is eliminated upon LY-364947 treatment.

DISCUSSION {#S9}
==========

We explored the mechanistic basis of microenvironment-driven DTCs dormancy, taking advantage of the HEp3 system of overt spontaneous metastasis, which in mice mimics that of HNSCC patients^[@R32]^. Despite their limitations, this model also mimics the presence of non-proliferative DTCs in the BM, as observed in HNSCC and breast cancer patients^[@R3]^. While our monitoring of DTC dormancy in the BM spanned 4 weeks, which is equivalent to \~3 years in humans, dormancy periods may span decades in patients. The fact that mice never develop over BM metastasis argues that monitoring DTCs in this site for longer periods may be an approximate model of the human situation. Our data suggests that BM DTCs undergoing prolonged dormancy display a set of markers (TGFβ2^high^/\[ERK/p38\]^low^/DEC2^high^/p53^high^/p27^high^/P-H3^low^) indicative of quiescence. 4T07 cells that enter dormancy in lungs when spontaneously disseminating^[@R23]^ also displayed a dormancy profile (\[ERK/p38\]^low^/DEC2^high^) suggesting a metastasis-restrictive role for these pathways also in breast cancer cells. Our work now provides a set of microenvironment (e.g. TGFβ2) and DTCs markers (\[ERK/p38\]^low^/DEC2^high^, etc.) that may be potentially used to determine the proliferative vs. dormant state DTCs in BM or other sites. Undoubtedly, testing these markers in DTCs from patients with advanced or no evidence of disease, is key to fully validate our findings^[@R33]^.

We found that at least TGFβ2 may define metastasis-restrictive vs. -permissive microenvironments. But other cues may also be important for BM DTC dormancy because TGFβ2 depletion from BM CM reduced p38 phosphorylation, but it did not activate ERK1/2. This could be due to the presence of BMP7, which induced a \[ERK/38\]^low^ ratio and prostate tumour cell dormancy in BM^[@R34]^ or to other signals like the GAS6/Axl pathway^[@R35]^ that also regulate dormancy and would have to be fully eliminated to restore a \[ERK/p38\]^high^ ratio and metastatic growth. In addition, higher TGFβ1 levels^[@R36]^ or downregulation of TGFβRIII^[@R37]^ may be needed to reprogram DTCs out of dormancy.

Our work also shows that TGFβ2, which due to its low affinity for TGFβRII, requires TGFβRIII^[@R38],[@R39]^, creates a unique signal that results in prolonged SMAD1/2/5 activation and p27 upregulation to induce quiescence. How TGFβ2 and TGFβ1 activate different signals is unclear but it may depend on the composition and/or activity of the TGFβRI/TGFβRII complex^[@R40]^ ([Fig. 8d](#F8){ref-type="fig"}). Our results showing that TGFβ2 did not require TGFβRIII for p38 activation, further argues that different downstream complexes funnel the signals through the canonical (i.e. SMADs) and non-canonical (i.e. p38) pathways. Together, our data support that at least in HNSCC cells, TGFβ2 signalling through TGFβRI and TGFβRIII provides a qualitatively different signal from TGFβ1 to induce growth arrest. Because, TGFβRIII can activate p38 to induce growth arrest^[@R41]^ and it can suppress tumorigenesis^[@R42],[@R37],[@R43]^, it is possible that TGFβRIII^high^ DTCs may be more prone to enter dormancy in TGFβ2-rich microenvironments like the BM.

Our results using kinase inhibitors of p38α/β and TGFβRI support that both these kinases hold multi-organ residual disease from expanding into metastasis. The fact that lung DTCs proliferated after TGFβRI inhibition suggests that to some extent the TGFβ2-TGFβRIII-dependent dormancy is transiently operational and then reversed by opposing signals, perhaps TGFβ1. In this regard while TGFβ1 signalling has been linked to EMT and metastasis^[@R31]^, a large body of work supports the growth suppressive function of TGFβ2 in normal and cancer cells^[@R44],[@R45]^. Interestingly, the association of TGFβRIII loss with prostate bone metastasis development^[@R46],[@R47]^, suggests that TGFβRIII makes DTCs impervious to the TGFβ2 growth-suppressive signal in the BM. We propose that dormancy is an initial default program for DTCs and that TGFβ2 growth-suppressive function via TGFβR-I and -III might mediate these events. Other models and ours provide insight into the regulation of DTC biology. Validation in humans of our findings and those in other models^[@R34],[@R35],[@R48]^ will further our understanding of DTC dormancy and aid the development of rational therapies to target dormant disease.
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![Growth behaviour of BM- and lung-derived DTCs\
(**a**) Phase contrast and GFP channel images of a single DTC in a BM flush (upper left panel) and a lung metastasis (upper right panel) 3 wks after primary tumour surgery. Scale bar: 40 µm (BM), 400 µm (lung). S= stroma. Lower left panel: fluorescence images of lungs stroma and a micro-metastasis in a freshly resected lung. Lower right panel: laser scanning confocal image of a DTC cluster in lung. Scale bar: 160 µm (left), 20 µm (right). n=16 (BM), 35 (LU) mice. (**b**) Number of HEp3-GFP DTCs found in lungs and BM after primary tumour surgery (n=5 mice / time / condition). (**c**) Tumour volume of primary tumour- (PT-HEp3), lung- (Lu-HEp3) and BM-DTC-derived cell lines (BM-HEp3) from mice, after 1 week on CAM. BM-**T**1= tumorigenic *in vivo*, BM-**D**1=dormant*in vivo*. (n=5 (Lu6), 5 (Lu7), 4 (PT-2), 7 (PT-4), 5 (BM-T1), 5 (BM-D1) tumours). (**d**) Phospho-Histone3 (P-H3) (left column) and p27 (right column) staining in BM-D1 (upper panels) tumour nodules and Lu-7 (lower panels) tumours grown on CAMs. Scale bar: 40 µm. Arrows = positive cells. Lower panel: quantification of P-H3 and p27 positive cells (n=100 cells assessed/section. 15 sections assessed from 3 different tumour/ condition). FOV = field of view. (**e**) Weight of BM-D1 tumour nodules on CAMs. BM-D1 cells were inoculated on CAM (5×10^5^ cells/animal) and transplanted into a new CAM every week (n=3 (week1), 5 (week2), 5 (week 3), 5 (week 4), 3 (week 5), 4 (week 6), 2 (week 7), 3 (week 8) tumours/ time point). (**f**) Number of tumour cells / CAM nodule produced by primary tumour- (PT-HEp3) and BM-DTC cell lines (BM-HEp3) derived from avian after 1 week on CAM (n=4 (BM-D2), 3 (BM-D3), 4 (BM-D4), 10 (PT), 5 (BM-D5), 5 (BM-T2), 4 (BM-T3), 2 (BM-D6), 3 (BM-D7), 3 (BM-D8) tumours). See [supplementary table S4](#SD4){ref-type="supplementary-material"} for statistic source data. Data in **a, b and d**, represent mean ± s.e.m. In **b** and **d**, \*p\<0.05, \*\*p\<0.01 and +++p\<0.001 by Mann Whitney test. In **c** and **f** \*p\<0.05, \*\*p\<0.01 and \*\*\*p\<0.001 by One-way ANOVA-Bonferroni\'s multiple comparison test and in **e** \*\*p\<0.01 by Unpaired t test.](nihms525959f1){#F1}

![Signalling pathways and genes regulating dormancy of BM-HEp3 Cells\
**(a--b)** Lysates from the indicated DTC-derived cell lines from murine (**a**) and avian microenvironments (**b**) were probed by immunoblot (IB) for the indicated antigens. Numbers on top of blots = \[ERK/p38\] ratio quantification (see [Methods](#SD1){ref-type="supplementary-material"}). (**c**) Graph showing percentage of cell lines with high or low ERK/p38 ratio and their phenotype*in vivo*. (**d**) Left panel: Heat map showing DEC2 and p53 mRNA expression in the indicated cell lines after 24h in culture. Scale = log2 fold change and upregulation of mRNAs (red) was significant (p\<0.05). Middle and right panels: IB for p53 and GAPDH in the indicated cell lines after 24h in culture. (**e**) BM-D1 cells transfected with either scrambled (scr), p53, p38α or DEC2 siRNAs or Lu-HEp3 cells transfected with empty vector (Ctrl) or a constitutively active p38α construct (p38α-CA-HA) or a DEC2-V5 construct were inoculated *in vivo* (5×10^5^ BM-D1 cells / CAM and 2.5×10^5^ lu-7 cells / CAM) for 5 days. The graph represents the number of cells per tumour nodule (n=18 (scr), 12 (p53), 6 (p38), 7 (dec2), 20 (Ctrl), 7 (p38CA-HA), 5 (DEC2-V5) tumours per condition). \*p\<0.05 and \*\*p\<0.01 by one-way ANOVA-Bonferroni\'s multiple comparison test. (**f**) Growth of BM-D1 cells on CAM after RNAi to DEC2 for two weeks *in vivo*. BM-D1 cells transfected with scrambled (scr) or DEC2 siRNA were inoculate in CAMs (5×10^5^ BM-D1 cells / CAM). One week after the tumour nodules were mince, cells/tumour nodule were quantified, transfected again with either scrambled or DEC2 siRNAs and reinoculated again *in vivo*. Graph= mean number of cells / tumour nodule ± s.e.m. (n=4-Si scr week1, 5 Si DEC2 week1, 3-Si scr week2, 5 Si DEC2 week2 tumours per condition). See [supplementary table S4](#SD4){ref-type="supplementary-material"} for statistic source data. \*p\<0.05 and \*\*p\<0.01 by Mann Whitney Test. Right panel: p27 and CDK4 expression in BM-D1 cell lines after DEC2 inhibition with siRNAs. Scr=scrambled. (**g**) p27, p21 and CDK4 immunoblot in T-HEp3 cells transfected with either a GFP or a DEC2-V5 construct for 24h.](nihms525959f2){#F2}

![Systemic p38α/β inhibition affects HNSCC DTC behaviour in growth restrictive microenvironments\
(**a**) Representative images of Cytokeratin 8/18 (CK), P-H3 (left) and p27 (right) staining in solitary BM DTCs in BM cytospins. Scale bar: 10 µm. Right Graph: percentage of p27 and P-H3 positive DTCs / BM flush, Numbers on top = n for scored DTCs. 6 BM flushes/ 3 independent experiments were assessed (**b**) Quantification of BM-DTCs in mice treated with DMSO (control) or SB203580 (SB) (10 mg/kg every 48 hrs) for 4 weeks. Left Graph: *Alu* qPCR quantification of BM DTCs shows the human *Alu* genomic signal normalized to genomic mouse GAPDH (n=6 (control), 15 (SB) DNA samples were assessed over 3 independent experiments) (see methods for details). Right Graph: quantification of CK positive cells in mice BM cytospins (n=6 BM samples / condition were assessed over 2 independent experiments). \*p\<0.05 by wilcoxon signed rank test. (**c--d**) Live imaging of HEp3-GFP DTCs, micro and macrometastasis in spleen (**c**) and liver (**d**) of control (scale bar: 80µm) and SB203580 treated mice (Spleen, scale bar: 400µm and liver, scale bar: 80µm). Numbers= GFP positive cells per organ. (**e**) Quantification of BM-DTCs in chicken embryos' BM flushes 5 days after inoculation of T-HEp3-GFP cells transfected with either scrambled (si scr) or p38α (si p38α) siRNAs. (n=7 (si Scr), 6 (sip38) BM samples were assessed over 2 independent experiments). Lower panels: representative fluorescence intravital images of BM DTCs in chicken embryo BM flushes. Scale bar: 160µm. (**f**) Graph: percentage of p27 positive cells / BM flush (n=3 BM flushes were assessed over 2 independent experiments). Lower Panels: representative images of CK (right column) and p27 (left column) staining in solitary BM DTCs in chicken embryos BMs 5 days after inoculation of T-HEp3-GFP cells transfected with scrambled (scr) (upper row) or p38α (lower row) siRNA. Scale bar=40µM. Data in **a, b and f**, represent mean ± s.e.m. In **b (left graph)**, **e** and **f**, \*p\<0.05, \*\*p\<0.01 by Mann Whitney test.](nihms525959f3){#F3}

![Systemic p38α/β inhibition interrupts DTC dormancy in the lungs\
(**a--b**) Representative images of P-H3 and Vimentin (**a**) or Caspase 3 (C--C3) and Vimentin (**b**) staining in lung DTCs (upper panels, scale bar: 20 µm) and lung micro-metastases (micro-MET -- **a** only) 4 weeks after surgery (scale bar: 40 µm (Micro-MET (**a**), inset (**b**)). Arrows: marker positive cells. Graphs: % of P-H3 (**a**) or C-C3 (**b**) positive cells per lung section, mean ± s.e.m. of three different lungs, 5 sections per lung (n=45 (DTCs), n=416 (Met) DTCs per lungs section (**a**), n=36 (DTCs) (**b**)). \*p\<0.05 (**a**) and non significant (n.s.) (**b**) by Mann Whitney Test. (**c**) Representative lung images containing HEp3-GFP DTCs or metastasis (scale bars: 80 µm, left column and 400 µm right column) after surgery and control or SB203580 (SB) (10 mg/kg every 48 hrs) treatment for 2 and 4 weeks. Lower Graphs: quantification of HEp3-GFP cells in whole lung suspensions. (n=5 (Left graph) and 4 (right graph) lungs per condition). See [Supplementary table S4](#SD4){ref-type="supplementary-material"} for the statistic source data of the right graph. \*p\<0.05 by Mann Whitney Test. (**d**) Number of lung F3II breast cancer macro-metastasis / lung in mice treated with DMSO (control) or SB203580 (SB). Top numbers: prevalence (%) of mice with more than 3 metastatic nodules per lung. n=25 mice, \*p=0.046 by Mann Whitney Test.](nihms525959f4){#F4}

![Role of TGFβ2 in dormant HEp3 DTCs\
**(a--b)** Q-PCR analysis of TGFβ2 mRNA levels in the indicated cells cultured in serum-free media for 24h (**a**) in BM and lungs mice organs (**b**) (n=6 RNA samples per condition were assessed over 3 independent experiments). (**c**) Q-PCR for TGFβ2 mRNA in T-HEp3 cells treated with serum-free media (SF) or conditioned media (CM) from lung (Lu CM) or BM (BM CM) (24h). (n=6 RNA samples were assessed over 3 independent experiments). (**d**) Growth after 5 days of T-HEp3 cells on CAMs (2\*10^5^cell/CAM) pre-treated in culture for 24h and then on the CAM every day with SF, BM CM or Lu CM (n=11 (SF), 3 (lu CM), 8 (BM CM) tumour nodules per condition). (**e**) Immunohistochemistry (IHC) for P-H3 (upper row) and p27 (lower row) in T-HEp3 tumour nodule sections after treatment with SF (left column), Lu CM (middle column) or BM CM (right column) for 5 days *in vivo*, scale bar: 40 µm. Arrows: marker-positive cells. Lower graphs: Quantification of P-H3 (left) and p27 (right) positive cells (n=100 cells assessed/section. 15 sections assessed from 3 different tumour/ condition). (**f**) Detection of the indicated antigens in lysates of T-HEp3 cells treated with, SF, Lu CM or BM CM control (IP-IgG) or TGFβ2 immunodepleted (IP- TGFβ2) for 24h. Top numbers: \[ERK/p38\] ratio quantification. (**g**) Q-PCR for p53 and DEC2 mRNA in T-HEp3 cells treated as in **c** (n=6 RNA samples were assessed over 3 independent experiments). (**h**) Top panel: IB against TGFβ2 in the BM CM after IgG or anti-TGFβ2 immunodepletion. Lower panel: Tumour growth of T-HEp3 cells treated with full or TGFβ2-immunodepleted BM CM or with Lu CM supplemented with PBS (CM) or with 2 ng/ml TGFβ2 (n=22 (SF), 15 (IP-IgG), 8 (IP-TGFb2), 7 (lu CM), 5 (Lu-Cm TGFB2) tumours per condition). (**i**) Effect of TGFβ1 (2 ng/ml) on T-HEp3 and dormant D-HEp3 and BM-D1 tumour growth on CAMs for 5 days *in vivo* (n=6 (DHEp3-TGFb1), 9 (DHEp3+TGFb1), 10 (BM-D1-TGFb1), 10 (BM-D1+TGFb1), 13 (THEp3-TGFb1), 11 tumours per condition). Data in **a, b, c, e and g**, represent mean ± s.e.m. In **a, b, c, e** and **g**, \*p\<0.05, \*\*p\<0.01 by Mann Whitney test. In **d, h and i** \*p\<0.05, \*\*p\<0.01 by One-way ANOVA-Bonferroni\'s multiple comparison test.](nihms525959f5){#F5}

![Effect of TGFβ signalling on dormancy and self-renewal markers\
**(a)** IB for the indicated antigens on PT-HEp3 (PT), BM-D1 and BM-T1 cell lysates after TGFβ2 (2 ng/ml) or TGFβRI inhibitor (LY-364947, 5 µM) treatment for 24 h in SF media. (**b**) IB for the indicated antigens on T-HEp3 cell lysates after treatment with TGFβ2 (2 ng/ml) for 24 h in SF media. (**c--d**) QPCR measured DEC2 (**c**) and p53 (**d**) mRNA levels in the indicated cells after treatment with 2 ng/ml TGFβ2 or LY-364947, 5 µM for 24 h in SF media (n=6 RNA samples were assessed over 3 independent experiments). (**e**) BM-D1 growth on CAMs for 4 days after TGFβ2 knockdown. BM-D1 cells were transfected with either scrambled (scr) or TGFβ2 siRNA and inoculated onto CAMs (5\*10^5^ cells/CAM) for 4 days (n=20 (scr), 19 (TGFβ2) tumours per condition). (**f**) BM-D1 growth on CAMs for 4 days after TGFβRI inhibition with LY364947 (5µM). BM-D1 cells were pre-treated with TGFβRI inhibitor (LY-364947, 5 µM) for 24 h in SF media and then inoculated onto CAMs (5\*10^5^ cells/CAM) for 5 days. Tumour nodules were treated with LY-364947 (5 µM) ever day in the CAMs (n=9 tumours per condition). Data in **c and d** represent mean ± s.e.m. In **c, d, e and f** \*p\<0.05, \*\*p\< 0.01, \*\*\*p\<0.001 by Mann Whitney Test.](nihms525959f6){#F6}

![TGFβ2/TGFβ receptor III signalling regulates DTC dormancy\
**(a--b)** IB for the indicated antigens on T-HEp3 cell lysates after treatment with either TGFβ1 or TGFβ2 (5 ng/ml) for 10, 30 min and 2 h (**a**) and 24 h (**b**) in SF media. (**c--d**) QPCR for DEC2 (**c**) and p27 (**d**) mRNA levels in T-HEp3 cells treated with either TGFβ1 or TGFβ2 (5 ng/ml) for 6 (**d**) and 24 h in SF media (n=6 RNA samples were assessed over 3 independent experiments) \*p\<0.05 by Mann Whitney Test. Error bars denote s.e.m. (**e**) IB for the indicated antigens on cell lysates of T-HEp3 treated with 5 ng/ml TGFβ2 for 24h in SF media with or without SB203580 (SB) (5 µM) (**f**) T-HEp3 tumour growth on CAMs for 4 days of T-HEp3 cells with TGFβR-III knockdown (siRNA TGFRβ3) treated with 5 ng/ml TGFβ2 (n=16 (scr, SF), 11 (scr, TGFb2), 15 (TGFbR3, SF), 17 (TGFbR3, TGFb2)), \*p\<0.05 by One-way ANOVA-Bonferroni\'s multiple comparison test. (**g**) IB for the indicated antigens on cell lysates of T-HEp3 treated with TGFβ2 (5 ng/ml) for 24 h in SF media and after TGFβR-III knockdown (siRNA TGFRβ3). (**h**)Tumour growth on CAMs for 4 days after treatment with TGFβ1 (2 ng/ml) in T-HEp3 cells after type III TGFβ receptor knockdown (siTGFβR3) (n=6 (scr, SF), n=7 (scr, TGFb1), n=6 (SiTGFBR3, SF), n=6 (SiTGFBR3, TGFb1)), p=0.3246 by One-way ANOVA-Bonferroni\'s multiple comparison test.](nihms525959f7){#F7}

![Effect of TGFβRI inhibition on DTC burden\
(**a**) Prevalence of HEp3 DTCs (%) per mouse in control (n=20) and LY364947-treated (n=32) animals (2 independent experiments) (**b**) *Alu* qPCR quantification of HEp3 DTCs in BM of mice treated either with DMSO or with LY364947 10 mg/kg every 48 h for 2 weeks. Graph: mean ± s.e.m. of *Alu* amplification signal normalized to mice GAPDH (n=6 DNA samples from 6 different BM samples were assessed over 2 independent experiments), \*p\<0.05 by Mann Whitney Test. (**c**) Fluorescence images of HEp3-GFP DTCs in mouse lungs, 2 weeks after control (scale bar: 80 µm) and LY364947 treatment (scale bar: 120 µm). Lower graph: quantification of HEp3-GFP DTCs in lungs of control and LY364947 treated animals. n=4 mice per condition, \*p\<0.05 by Mann Whitney Test. (**d**) Scheme of the proposed mechanism for TGFβ2-induced dormancy. Binding of TGFβ2 to TGFβ receptor III (TGFβRIII) recruits TGFβ receptor II (TGFβRII) and TGFβ receptor I (TGFβRI) into the complex and activates TGFβ2 signalling which in turn activates Smad1/5 and induces p27. In addition, TGFβ2 also activates p38α in a TGFβRIII independent way. In response to TGFβ2, p38α activates SMAD2 and DEC2, which induces p27 and inhibits CDK4. All these signals integrate and contribute to TGFβ2 induction of quiescence.](nihms525959f8){#F8}
